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1 .  I N T R O D U C T I O N  
O n e  o f  t h e  k e y  i n p u t s  t o  h y d r o l o g i c a l  m o d e l i n g  i s  p o t e n t i a l  e v a p o t r a n s p i r a t i o n ,  w h i c h  
r e f e r s  t o  m a x i m u m  ~eteorologically e v a p o r a t i v e  p o w e r  o n  l a n d  s u r f a c e .  T w o  k i n d s  o f  p o -
t e n t i a l  e v a p o t r a n s p i r a t i o n  a r e  n e c e s s a r y  t o  b e  d e f i n e d :  e i t h e r  f r o m  t h e  i n t e r c e p t i o n  o r  f r o m  
t h e  r o o t  z o n e  w h e n  t h e  i n t e r c e p t i o n  i s  e x h a u s t e d  b u t  s o i l  w a t e r  i s  f r e e l y  a v a i l a b l e ,  s p e c i f i -
c a l l y  a t  f i e l d  c a p a c i t y  ( s e e  [ 1 0 ] ,  [ 3 2 ] ) .  T h e  a c t u a l  e v a p o t r a n s p i r a t i o n  i s  d i s t i n g u i s h e d  f r o m  
t h e  p o t e n t i a l  t h r o u g h  t h e  l i m i t a t i o n s  i m p o s e d  b y  t h e  w a t e r  d e f i c i t .  E v a p o t r a n s p i r a t i o n  
c a n  b e  d i r e c t l y  m e a s u r e d  b y  l y s i m e t e r s  o r  e d d y  c o r r e l a t i o n  m e t h o d  b u t  e x p e n s i v e l y  a n d  
p r a c t i c a l l y  o n l y  i n  r e s e a r c h  o v e r  a  p l o t  f o r  a  s h o r t  t i m e .  T h e  p a n  o r  P i c h e  e v a p o r a t i o n  h a s  
l o n g  r e c o r d s  w i t h  d e n s e  m e a s u r e m e n t  s i t e s .  T o  a p p l y  i t  i n  h y d r o l o g i c a l  m o d e l s ,  h o w e v e r ,  
f i r s t ,  a  p a n / P i c h e  c o e f f i c i e n t ,  K p ,  t h e n  a  c r o p  c o e f f i c i e n t ,  K c ; ,  m u s t  b e  m u l t i p l i e d  a s  w e l l .  
D u e  t o  t h e  d i f f e r e n c e  o n  s i t t i n g  a n d  w e a t h e r  c o n d i t i o n s ,  K p  i s  o f t e n  e x p r e s s e d  a s  a  f u n c -
t i o n  o f  l o c a l  e n v i r o n m e n t a l  v a r i a b l e s  s u c h  a s  w i n d  s p e e d ,  h u m i d i t y ,  u p w i n d  f e t c h ,  e t c .  A  
g l o b a l  e q u a t i o n  o f  K p  i s  s t i l l  l a c k .  T h e  v a l u e s  o f  K c :  f r o m  t h e  l i t e r a t u r e  a r e  e m p i r i c a l ,  m o s t  
f o r  a g r i c u l t u r a l  c r o p s ,  a n d  s u b j e c t i v e l y  s e l e c t e d .  M o r e o v e r ,  t h e  o b s e r v e d  P i c h e  d a t a  s h o w  
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some erroneous results which are difficult to explain (see [22]), and the pan evaporameter 
is not considered accurate (see [7], [8]). On the other hand , a great number of evaporation 
models has been developed and validated, from the single climatic variable driven equa-
tions (see [29]) to the energy balance and aerodynamic principle combination methods 
(see [23]). Among them, probably the Penman equation is the most physically sound and 
rigorous. Monteith (see [19]) generalized the Penman equation for water-stressed crops by 
introducing a canopy resistance. Now the Penman- Monteith model is widely employed. 
As a result , in this study the P enman-Monteith method is selected to compute di-
rect ly potential evapotranspiration according to the vegetation dataset at 30s resolution 
based on AVHRR (Advanced Very High Resolution Radiometer) and LDAS (Land Data 
Assimilation System) information for the Nong Son catchment . To assess the suitability 
of this approach, the conceptual rainfall-runoff model known as NAM (see [9]) is used to 
examine its effect on hydrological response . 
2. POTENTIAL EVAPOTRANSPIRATION MODEL DESCRIPTION 
2.1. Penman-Monteith equation 
Potential evapotranspiration can be calculated directly with the P enman-Monteith 
equation (see [3]) as fo llows: 
(es - ea) 
6-(Rn - G) + PaCp _ _ _ 
>..ET= ra 
6. +1 (1+~: ) (1) 
where ET is the evapotranspiration rate ( mm.d- 1 ); >.. is the latent heat of vaporization ( = 
2.45 MJ.kg- 1); Rn is the net radiation; G is the soil heat flux (normally with a relatively 
small value, in general, it may be ignored (see [3])); es is the saturated vapor pressure ; ea is 
the actual vapor pressure ; (es-ea) represents the vapour pressure deficit of the air; Pa is the 
mean air density at constant pressure ; Cp is the specific heat of the air ( =1.01 kJ . kg~ 1 K- 1) ; 6. represents the slope of the saturation vapour pressure temperature relationship; / is the 
psychrometric constant; and r 8 and ra are the (bulk) surface and aerodynamic resistances. 
The Penman-Monteith approach as formulated above includes all parameters that gov-
ern energy exchange and corresponding latent heat flux ( evapotranspiration) from uniform 
expanses of vegetation. Most of the parameters are measured or can be readily caleulated 
from weather data. The equation · can be utilized for the direct calculation of any crop 
evapotranspiration as the surface and aerodynamic resistances are crop specific. 
2.2 . Factors and parameters determining ET 
2. 2 .1. Land surface resistance parameterization 
a. Aerodynamic resistance 
The rate of water vapor transfer away from the ground by atmospheric turbulent 
diffusion is controlled by aerodynamic resistance r a ( s .m - l), which is inversely proportional 
to wind speed and changes with the height of the vegetation covering the ground, as 
ln [ ( Zu - d) / ZomJln [ ( Ze - d) / Zoh] 
ra = 2 , 
K, 'Uz 
(2) 
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w h e r e  Z u  i s  t h e  h e i g h t  o f  w i n d  m e a s u r e m e n t s  ( m ) ;  Z e  i s  t h e  h e i g h t  o f  h u m i d i t y  m e a -
s u r e m e n t s  (  m ) ;  d  i s  t h e  z e r o  p l a n e  d i s p l a c e m e n t  h e i g h t  (  m ) ;  Z a m  i s  t h e  r o u g h n e s s  l e n g t h  
g o v e r n i n g  m o m e n t u m  t r a n s f e r  ( m ) ;  Z a h  i s  t h e  r o u g h n e s s  l e n g t h  g o v e r n i n g  t r a n s f e r  o f  h e a t  
a n d  v a p o u r  ( m ) ;  u
2  
i s  t h e  w i n d  s p e e d ;  a n d / ' \ ,  i s  t h e  v o n - K a r m a n  c o n s t a n t ( =  0 . 4 1 ) .  
M a n y  s t u d i e s  h a v e  e x p l o r e d  t h e  n a t u r e  o f  t h e  w i n d  r e g i m e  i n  p l a n t  c a n o p i e s .  d  a n d  
Z a m  h a v e  t o  b e  c o n s i d e r e d  w h e n  t h e  s u r f a c e  i s  c o v e r e d  b y  v e g e t a t i o n .  T h e  f a c t o r s  d e p e n d  
u p o n  t h e  c r o p  h e i g h t  a n d  a r c h i t e c t u r e .  S e v e r a l  e m p i r i c a l  e q u a t i o n s  ( s e e  [ 5 ] ,  [ 1 1 ] ,  [ 2 0 ] ,  [ 3 1 ] )  
f o r  t h e  e s t i m a t e  o f  d ,  Z a m  a n d  Z a h  h a v e  b e e n  d e v e l o p e d .  I n  t h i s  s t u d y ,  e s t i m a t e  c a n  b e  
m a d e  o f  r a  b y  a s s u m i n g  ( s e e  [ 4 ] )  t h a t  Z a m  =  0 . 1 2 3  h e  a n d  Z a h  =  0 . 0 1 2 3  h e ,  a n d  ( s e e  [ 2 0 ] )  
t h a t  d  =  0 . 6 7  h e ,  w h e r e  h e  ( m )  i s  t h e  m e a n  h e i g h t  o f  t h e  c r o p .  
b :  S u r f a c e  r e s i s t a n c e  
T h e  ' b u l k '  s u r f a c e  r e s i s t a n c e  r s  ( s . m  - l )  d e s c r i b e s  t h e  r e s i s t a n c e  o f  v a p o u r  f l o w  t h r o u g h  
t h e  t r a n s p i r i n g  c r o p  a n d  e v a p o r a t i n g  s o i l  s u r f a c e .  W h e r e  t h e  v e g e t a t i o n  d o e s n ' t  c o m p l e t e l y  
c o v e r  t h e  s o i l ,  t h e  r e s i s t a n c e  f a c t o r  s h o u l d  i n d e e d  i n c l u d e  t h e  e f f e c t s  o f  t h e  e v a p o r a t i o n  
f r o m  t h e  s o i l  s u r f a c e .  I f  t h e  c r o p  i s n ' t  t r a n s p i r i n g  a t  a  p o t e n t i a l  r a t e ,  t h e  r e s i s t a n c e  d e p e n d s  
a l s o  o n  t h e  w a t e r  s t a t u s  o f  t h e  v e g e t a t i o n .  A n  a c c e p t a b l e  a p p r o x i m a t i o n  ( s e e  [ 1 ] ,  [ 3 ] )  t o  a  
m u c h  m o r e  c o m p l e x  r e l a t i o n  o f  t h e  s u r f a c e  r e s i s t a n c e  o f  f u l l y  d e n s e  c o v e r  v e g e t a t i o n  i s :  
r 1  
- '  
r s =  L A i a c t i v e  
( 3 )  
w h e r e  r 1  i s  t h e  b u l k  s t o m a t a l  r e s i s t a n c e  o f  t h e  w e l l - i l l u m i n a t e d  ( s . m -
1  
) ;  a n d  L A I  a c t i v e  i s  
t h e  a c t i v e  ( s u n l i t )  l e a f  a r e a  i n d e x  ( m
2  
l e a f  a r e a  o v e r  m
2  
s o i l  s u r f a c e ) .  
A  g e n e r a l  e q u a t i o n  ( s e e  [ 2 ] ,  [ 1 5 ] ,  [ 3 0 ] )  f o r  L A I  a c t i v e  i s :  
L A i a c t i v e  =  0 . 5 L A I .  
( 4 )  
T h e  b u l k  s t o m a t a l  r e s i s t a n c e ,  r 1 ,  i s  t h e  a v e r a g e  r e s i s t a n c e  o f  a n  i n d i v i d u a l  l e a f .  T h i s  
r e s i s t a n c e  i s  c r o p  s p e c i f i c  a n d  d i f f e r s  a m o n g  c r o p  v a r i e t i e s  a r i d  c r o p  m a n a g e m e n t .  I t  u s u a l l y  
i n c r e a s e s  a s  t h e  c r o p  a g e s  a n d  b e g i n s  t o  r i p e n .  T h e r e  i s ,  h o w e v e r ,  a  l a c k  o f  c o n s o l i d a t e d  
i n f o r m a t i o n  o n  c h a n g e s  i n  r
1  
o v e r  t i m e  f o r  t h e  d i f f e r e n t  c r o p s .  T h e  i n f o r m a t i o n  a v a i l a b l e  i n  
t h e  l i t e r a t u r e  ~n s t o m a t a l  r e s i s t a n c e  i s  o f t e n  o r i e n t e d  t o w a r d  p h y s i o l o g i c a l  o r  e c o p h y s i o -
f o g i 6 a l  s t u d i ' e s .  T h e  s t o m a t a l  r e s i s t a n c e  i s  i n f l u e n c e d  b y  c l i m a t e  a n d  b y  w a t e r  a v a i l a b i l i t y .  
How~ver, t h e  i n f l u e n c e s  v a r y  fr~m o n e  c r o p  t o  a n o t h e r  a n d  d i f f e r e n t  v a r i e t i e s  c a n  b e  a f -
f e c t e d  d i f f e r e n t l y .  T h e  r e s i s t a n c e  i n c r e a s e s  w h e n  t h e  c r o p  i s  w a t e r  s t r e s s e d  a n d  t h e  s o i l  
w a t y r ·  a v a i l a b i l i t y  l i m i t s  c r o p  e v a p o t r a n s p i r a t i o n .  S o m e  s t u d i e s  ( s e e  [ 1 3 ] ,  [ 1 4 ] ,  [ 1 8 ] ,  [ 2 6 ] ,  
[ 3 3 ] )  i n d i c a t e  t h a t  s t o m a t a !  r e s i s t a n c e  i s  i ' n f l u e n c e d  t o  s o m e  e x t e n t  b y  r a d i a t i o n  i n t e n s i t y ,  
t e m p e r a t u r e  a n d  v a p o u r  p r e s s u r e  d e f i c i t .  '  
I f  t h e  c r o p  i s  a m p l y  s u p p l i e d  w i t h  w a t e r ,  t h e  c r o p  r e s i s t a n c e ,  r s ,  r e a c h e s  a  m i n i m u m  
v a l u e ,  k n o w n  a s  t h e  b a s i s  c a n o p y  r e s i s t a n c e .  T h e  t r a n s p i r a t i o n  o f  t h e  c r o p  i s  t h e n  m a x i m u m  
a n d  r e f e r r e d  t o  a s  p o t e n t i a l  t r a n s p i r a t i o n .  T h e  r e l a t i o n  b e t w e e n  r s  a n d  t h e  p r e s s u r e  h e a d  
i n  t h e  r o o t  z o n e  i s  c r o p  d e p e n d e n t .  M i n i m u m  v a l u e s  o f  r s  r a n g e  f r o m  3 0  s . m -
1  
f o r  a r a b l e  
c r o p s  t o  1 5 0  s . m -
1  
f o r  f o r e s t .  F o r  g r a s s  a  ~alue o f  7 0  s . m -
1  
i s  o f t e n  u s e d  ( s e e  [ 7 ] ) .  I t  s h o u l d  
b e  n 0 , t e d  t h a t  r s  c a n n o t  b e  m e a s u r e d  d i r e c t l y ,  b u t  h a s  t o  b e  d e r i v e d  f r o m  t h e  P e n m a n -
M o n t e i t h  f o r m u l a  w h e r e  E T  i s  o b t a i n e d  f r o m  e . g .  t h e  w a t e r  b a l a n c e  o f  a  l y s i m e t e r .  
T h e  L e a f  A r e a  I n d e x  ( L A I ) ,  a  d i m e n s i o n l e s s  q u a n t i t y ,  i s  t h e  l e a f  a r e a  ( u p p e r  s i d e  o n l y )  
p e r  u n i t  a r e a  o f  s o i l  b e l o w  i t .  T h e  a c t i v e  L A I  i s  t h e  i n d e x  o f  t h e  l e a f  a r e a  t h a t  a c t i v e l y  
c o n t r i b u t e s  t o  t h e  s u r f a c e  h e a t  a n d  v a p o u r  t r a n s f e r .  I t  i s  g e n e r a l l y  t h e  u p p e r ,  s u n l i t  p o r t i o n  
o f  a  d e n s e  c a n o p y .  T h e  L A I  v a l u e s  f o r  v a r i o u s  c r o p s  d i f f e r  w i d e l y  b u t  v a l u e s  o f  3 - 5  a r e  
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common for many mature crops . For a given crop , the green LAI changes throughout the 
season and normally reaches its maximum before or a t flowering. LAI further depends on 
the plant density and the crop variety. Several studied and empirical equations (see [18], 
[31]) for the estimate of LAI have been developed. If he is the mean height of the crop , 
t hen the LAI can be estimated (see [l ]) by : 
LAI = 24hc (clipped grass with 0.05 < he< 0.15m) 
LAI = 5.5 + 1.5 ln(he) (alfalfa with 0.10 < he< 0.50 m) (5) 
As an alternative, spectral vegeta tion indices from sat ellite-based spectral observa-
tions, such as NDVI (normalized difference veget ation index) , or simple ratio (SR = (1 
+ NDVI) / (1 - NDVI) ); are widely used t o extract veget a tion biophysical paramet ers of 
which LAI is t he most important. The use of monthly veget ation index is a good way 
to take into account the phenological development of the L A I , as well as the effects of 
prolonged water st resses that reduce the L A I (see [17]) . In t his study, monthly maxi-
mum composite 1-km resolution NDVI dat aset obtained from NOAA-AVHRR (National 
Oceanic and Atmospheric Administ ration-Advanced very High Resolution Radiomet er) in 
1992 , 1995 and 1996 were used to estimat e LAI. The simple relationships between LAI 
and ND VI were t aken from SiB2 (see [25]) . For evenly dist ributed veget ation , such as 
grass and crops: 
In ( l - FPAR) 
L A I = L A i max ln (1 - FPARmax) 
For clustered veget ation, such as coniferous trees and shrubs: 
(6) 
LAI = L A i max F p AR (7) 
FPARmax ) 
where FPA R is the fr act ion of photosynthetically active radiation absorbed by the canopy, 
calcula ted as : 
A 
(SR- SRmin) (FP A R max - FPARmin) 
FP R = · , 
S R max - SRmin 
(8) 
where FPAR max and FPARmin are t aken as 0.950 and 0.001 , respectively. SRmax and 
SRmin are SR values corresponding t o 98 and 53 of NDVI population , respectively. 
Land cover classes of needleleaf deciduous, evergreen and shrub land thicket are treated 
as clumped veget a ti on types (see [24]) . In cases where there is a combination of clustered 
and evenly distributed veget a tion , LAI can be calculat ed by a combination of Equation 
(6) and (7): 
ln (l - FPAR ) LAimax FPAR 
LAI = (l - Fc1) L A i max In (1 - F PARmax) + Fc1 F PARmax ) (9) 
where Fc1 is the frac tion of clumped veget ation in the area . 
2.2 .2. Surface exchanges 
a. Satura ted vapor content of air 
The saturat ed vapor pressure is related to temperature; if e5 is in kilopascals (kPa) 
and Tis in degrees Celsius (°C) , an approximat e equation (see [28]) is: 
( 
17.27T ) 
e5 = 0.6108 exp . 237.3 + T 
(10 ) 
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I t  i s  i m p o r t a n t  i n  b u i l d i n g  p h y s i c a l l y  b a s e d  m o d e l s  o f  e v a p o r a t i o n  t h a t  n o t  o n l y  i s  e s  a  
k n o w n  f u n c t i o n  o f  t e m p e r a t u r e ,  b u t  a l s o  s o  i s  L i  ( k P a . C -
1
) ,  t h e  g r a d i e n t  o f  t h i s  f u n c t i o n ,  
d e s / d T .  T h i s  g r a d i e n t  i s  g i v e n  b y :  
L i =  4 0 9 8 e s  
( 2 3 7 . 3  +  T )
2  
(  1 1 )  
T h e  r e l a t i v e  h u m i d i t y  ( R H  3 )  e x p r e s s e s  t h e  d e g r e e  o f  s a t u r a t i o n  o f  t h e  a i r  a s  a  r a t i o  
o f  t h e  a c t u a l  ( e a )  t o  t h e  s a t u r a t i o n  ( e s )  v a p o u r  p r e s s u r e  a t  t h e  s a m e  t e m p e r a t u r e  ( T ) :  
e a  
R H =  1 0 0 - ·  
e s  
( 1 2 )  
b .  S e n s i b l e  h e a t  
T h e  d e n s i t y  o f  ( m o i s t )  a i r  c a n  b e  c a l c u l a t e d  f r o m  t h e  i d e a l  g a s  l a w s ,  b u t  i t  i s  a d e q u a t e l y  
e s t i m a t e d  f r o m :  
p  
P a =  3 .
4 8 6
2 7 5  +  T '  
( 1 3 )  
w h e r e  P  i s  t h e  a t m o s p h e r i c  p r e s s u r e  i n  k P a .  A s s u m i n g  2 0 ° C  f o r  a  s t a n d a r d  a t m o s p h e r e ,  P  
a s  a  f u n c t i o n  o f  h e i g h t  z  ( i n  m e t e r s )  a b o v e  t h e  m e a n  s e a  l e v e l  c a n  b e  e m p l o y e d  t o  c a l c u l a t e  
b y :  
(
2 9 3 - 0 . 0 0 6 5 z )
5
.
2 6  
p  =  1 0 1 . 3  x  2 9 3  
( 1 4 )  
c .  P s y c h r o m e t r i c  c o n s t a n t  




) ,  i s  g i v e n  b y :  
' Y  =  c::  =  0 . 6 6 5  x  1 0 -
3  
P ,  
( 1 5 )  
w h e r e  E  i s  t h e  r a t i o  t h e  m o l e c u l a r  w e i g h t s  o f  w a t e r  v a p o r  a n d  d r y  a i r ,  e q u a l s  t o  0 . 6 2 2 .  
O t h e r  p a r a m e t e r s  i n  t h e  e q u a t i o n  a r e  d e f i n e d  a b o v e .  
2 . 2 . 3 .  R a d i a t i o n  b a l a n c e  a t  l a n d  s u r f a c e  
\ 0  
/-'.-- c...~ ' _' ' \  
,  T\~(. 
r•t.~-~ ~ . . . .  ~·· 
·- - .  . . - , - ·  ; . _ ;  
; "  . .  t ·- . . .  . . . . .  
r 1  - · , i . ; - : i .  ' ' l ·  . .  
( _  ~ - - - - - Y - ' ·" ' - ' < : S  
\  
( a S 1 )  
s d  
~ 
~ l "  
S h o r t - w a v e  ( s o l a r )  r a d i a t i o n  
L o n g - w a v e  r a d i a t i o n  
F i g .  1 .  R a d i a t i o n  b a l a n c e  a t  t h e  e a r t h ' s  s u r f a c e  
I n  t h e  a b s e n c e  o f  r e s t r i c t i o n s  d u e  t o  w a t e r  a v a i l a b i l i t y  a t  t h e  e v a p o r a t i v e  s u r f a c e ,  
t h e  a m o u n t  o f  r a d i a n t  e n e r g y  c a p t u r e d  a t  t h e  e a r t h ' s  s u r f a c e  i s  t h e  d o m i n a n t  c o n t r o l  o n  
r e g i o n a l  e v a p o r a t i o n  r a t e s .  A s  a  m o n t h l y  a v e r a g e ,  t h e  r a d i a n t  e n e r g y  a t  t h e  g r o u n d  m a y  
Polential evapolranspiration estimation and its effect on hydrological model response 25 
be the most "port able" meteorological variable involved in evaporation estimation, in the 
sense that it is driven by astronomical rather than local climate conditions . Understanding 
surface radiation balance, and how to quantify it , is therefore crucial to understanding and 
quantifying evaporation. 
a. Net short wave radiation 
The net short wave radiation Sn (MJ .m - 2 .day- 1 ) is that portion of the incident short 
wave radiation captured at the ground taking into account losses due to reflection, and 
given by: 
Sn= St (l - a), (16) 
where a is the reflection coefficient or albedo; and 5 1 is the solar radiation (MJ .m - 2 .day- 1 ). 
The values of albedo for broad land cover classes are given in various scientific litera-
tures. The solar radiation St (MJ .m - 2 .day- 1 ) in most the cases can be est imated (see [6]) 
from measured sunshine hours according to the following empirical relationship: 
St= (as+ bs ~)So ·, (17) 
where So is the extraterrestrial radiation (MJ.m- 2 .day- 1); as is the fraction of So on 
overcast days (n = O) ; (as+ bs) is the fraction of So on clear days (for average climatesas = 
0.25andbs = 0.50) ; n is the bright sunshine hours per day (h) ; N is the total day length 
(h); and n/ N is the cloudiness fraction . Valuesfor N and So for different latitudes are 
given and tabulated in various handbooks (see [3], [7]). 
b. Net long wave radiation 
The exchange of long wave radiation Ln (MJ.m- 2 .day - 1 ) between vegetation and soil 
on the one hand , and atmosphere and clouds on the other , can be represented by the 
following radiation law (see [3], [7], [16]): 
Ln =a ( 0.9 ~ + 0.1) (0 .34 - 0.14~) (T + 273) 4 , (18) 
where a is the Stefan-Boltzmann constant (4 .903x10-9 MJ.m-2K - 4 .day- 1). 
c. Net radiation 
The net radiation Rn (MJ .m- 2 .day- 1) is the difference between the incoming net short 
wave radiation Sn and the outgoing net long wave radiation Ln: 
(19) 
Using Equation (17) and substitut ing (16), (18) into (19), for general purposes when 
only sunshine, temperature , and humidity data are available , Equation (19) can be rewrit-
ten as follow: 
Rn = ( 0.25 + 0.5 ~)So - ( 0.9 ~ + 0.1) (0 .34 - 0.14~) (T + 273)4 a. (20) 
3. STUDY AREA AND DATA PROCESSING 
3.1. Study area description 
The study area ( 14°41 '-1 5°45 'N and 107°40 '-108°20'E) covers 3,160 km 2 with the 
gauging station at Nong Son. It is a mountainous sub-basi n of the Vu Gia-Thu Bon basin 
located in the East of Truong Son mountain range, the center of Vietnam (Fig. 2) . The 
altitude ranges from several meters to 2,550 meters above sea level (data derived from 
DEM 90x90) . The mean slope and the river network density of the basin are 24.23 and 
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0 . 4 1  k m / k m
2  
r e s p e c t i v e l y .  T h e  m a i n  s o i l  i n  t h e  b a s i n  i s  g r a n i t e ,  a l l u v i a l  s o i l ,  i . e .  i r o n  p a n ,  
g r a n d i o s i t y ,  d e p o s i t  a l l u v i a ,  c l a y  a n d  s a n d .  
I n  t h i s  s t u d y  a r e a ,  t h e r e  a r e  o n l y  f o u r  r a i n  g a u g e s  i n  w h i c h  o n l y  o n e  g a u g e  c o l l e c t s  
h o u r l y  d a t a ,  o n e  c l i m a t i c  s t a t i o n  a t  T r a  M y ,  a n d  o n e  d i s c h a r g e  g a u g e  a t  N o n g  S o n .  I n  
g e n e r a l ,  h y d r o - m e t e o r o l o g i c a l  s t a t i o n  n e t w o r k  i s  p o o r ,  i . e .  a  r a i n  g a u g e  i s  i n s t a l l e d  e v e r y  
8 0 0  k m
2
.  T h e  d a t a  h a v e  b e e n  p r o v i d e d  b y  t h e  H y d r o - M e t e o r o l o g i c a l  D a t a  C e n t e r  ( H J \ ! I D C ) ,  
t h e  M i n i s t r y  o f  N a t u r a l  R e s o u r c e s  a n d  E n v i r o n m e n t  ( M O N R E )  o f  V i e t n a m .  
D u e  t o  t h e  e f f e c t s  o f  p r e d o m i n a t i n g  w i n d  d i r e c t i o n  ( N o r t h - E a s t  i n  t h e  r a i n y  s e a s o n )  
a n d  t o p o g r a p h y ,  r a i n f a l l  i n  t h e  b a s i n  i s  v e r y  h i g h  a n d  s i g n i f i c a n t l y  v a r i e s  i n  s p a c e  a n d  
t i m e .  A c c o r d i n g  t o  t h e  r a i n f a l l  r e c o r d s  f r o m  1 9 8 0  t o  2 0 0 4 ,  t h e  r a i n f a l l  d i s t r i b u t i o n  s p a t i a l l y  
i n c r e a s e s  f r o m  E a s t  t o  W e s t  a n d  f r o m  N o r t h  t o  S o u t h  ( t h e  m e a n  a n n u a l  r a i n f a l l  a t  T r a  
M y  i s  m o r e  t h a n  4 , 0 0 0  m m  w h e r e a s  a t  T h a n h  M y  j u s t  m o r e  t h a n  2 , 2 0 0  m m ) .  
H a N o v :  
. /  D a n a n g  
t v l C  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. - \  /  S t r o m  n~twor k 
/ \ / M a i n  r i v e r  
· c 1  C 1 i 1 h ; h m w n t  bound~ry 
•  R~ln g a u g e s  
~ O l s c h a r g i r  g a u g n  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
F i g .  2 .  N o n g  S o n  C a t c h m e n t  
F o r  s e a s o n a l  r a i n f a l l  d i s t r i b u t i o n ,  t h e  r a i n f a l l  i n  O c t o b e r  a n d  N o v e m b e r  r e a c h e s  u p  
t o  1 , 8 0 0  m m .  T h e  p e r i o d  o f  t h e  N o r t h - E a s t  w i n d  l a s t s  f r o m  S e p t e m b e r  t o  D e c e m b e r  
c o i n c i d i n g  w i t h  t h e  r a i n y  s e a s o n  o n  t h e  b a s i n s .  A l t h o u g h  t h e  r a i n y  s e a s o n  o n l y  l a s t s  j u s t  f o r  
4  m o u t h s ,  t h e  r a i n f a l l  a m o u n t  o c c u p i e s  7 0 3  o f  t h e  a n n u a l  r a i n f a l l .  F u r t h e r m o r e ,  t h e  a n n u a l  
r a i n f a l l  a m o u n t s  a l s o  s h o w  y e a r l y  v a r i a t i o n s  f r o m  2 , 4 1 7  m m  ( 1 9 8 2 )  t o  6 , 2 5 9  m m  ( 1 9 9 6 )  
w i t h  a n  a v e r a g e  v a l u e  o f  3 , 6 9 7  m m .  T h e  a n n u a l  r u n o f f  c o e f f i c i e n t  ( r u n o f f / p r e c i p i t a t i o n )  i n  
t h i s  p e r i o d  v a r i e s  i n t e n s i v e l y  b e t w e e n  0 . 4 9  ( 1 9 8 2 )  a n d  0 . 8 1  ( 1 9 9 5 )  w i t h  a n  a v e r a g e  v a l u e  
o f  0 .  7 3 .  
3 . 2 .  L a n d  c o v e r  d a t a  a n d  v e g e t a t i o n - r e l a t e d  p a r a m e t e r s  
T h e  l a n d  c o v e r  d a t a  w a s  o b t a i n e d  f r o m  U M D  l k m  G l o b a l  L a n d  C o v e r  
( h t t p : / / w w w . g e o g . u m d . e d u / l a n d c o v e r / l k m - m a p . h t m l )  b a s e d  o n  A V H R R  a n d  L D A S  ( L a n d  
D a t a  A s s i m i l a t i o n  S y s t e m )  i n f o r m a t i o n .  A V H R R  p r o v i d e s  i n f o r m a t i o n  o n  g l o b e  l a n d  c l a s -
s i f i c a t i o n  a t  3 0  s  r e s o l u t i o n  ( s e e  [ 1 2 ] ) .  I n  t h i s  s t u d y  a r e a ,  t h e r e  a r e  t e n  c a t e g o r i e s  o f  l a n d  
c o v e r  i n  w h i c h  e v e r g r e e n  b r o a d l e a f  o c c u p i e s  a  l a r g e s t  a r e a  o f  4 8 .  7 3  i n  t o t a l ,  f o l l o w e d  b y  
Pot ential evapotranspiration estimation and its effect on hydrological model response 27 
deciduous needleleaf 19.33 , wooded grasslands 18.03, deciduous broadleaf 4.23 , wood-
land 3.33, mixed cover 3.23, closed shrublands 2.03, open shrublands 0.63, grasslands 
0.43 , and crop land 0.23 . 
For each type of vegetation in the Nong Son catchment , the vegetation parame-
ters such as minimum stomata resistance, leaf-area index , albedo , and zeroplane dis-
placement are derived from http: //www.ce .washington.edu/ pub/ HYDRO/ cherkaue/VIC-
NL/ Veg/ veg_lib ; these are as provided in Table 1. 
Table 1. Vegetation-rela t ed parameters for ach ty pe of vegetation in t he Nong Son catchment 
Vegetation Minimum stoma Leaf area Roughness Zero-plane 
classification Albedo resista nce index length Displacement 
(s/m) (m) (m) 
Evergreen broadleaf forest 0.12 250 3.10-4 .10 1.4760 8.040 
Deciduous needleleaf fo rest 0.18 125 1.52- 5.00 1.2300 6.700 
Deciduous broadleaf forest 0.18 125 1.52- 5.00 1.2300 6.700 
Mixed forest 0.18 125 1.52- 5.00 1.2300 6.700 
Woodland 0.18 125 1:52-5.00 1.2300 6.700 
Wooded grassla nds 0.19 135 2.20- 3.85 0.4950 1.000 
Closed shrublands 0.19 135 2.20- 3. 85 0.4950 1.000 
Open shrublands 0.19 135 2.20- 3.85 0.4950 1.000 
Grasslands 0.20 120 2.20- 3.85 0.0738 0. 402 
Croplands 0.10 120 0.02- 5.00 0.0060 1.005 
3 .3. Meteorological data 
In the Penman-Monteith method , met eorological data such as mean temperature, rel-
ative humidity, sunshine hour , and wind speed are required . The observed data from the 
Tra My climatic station for the period of 1980-2004 were used in this study. 
- Air temperature (T ): The research basin is locat ed in the monsoon tropical zone. 
Based on the data at Tra My station, it shows an average annual temperature of 24 .5°C. 
Average lowest t emperature during December-February ranges 20 to 22°C with an abso-
lutely minimum of 10.4°C , and average highest temperature during long period (April to 
September) ranges 26 to 27°C with an absolutely maximum value of 40.5°C . 
- Relative humidity (RH ): The study area lies in a mountainous tropical humidity 
zone, and as such the value of relative humidity is fairly high and stable with an average 
value of 873 . The observed data shows that the maximum humidity is in October to 
December reaching 923 while the minimum is somewhere between April and July do get 
as high as 833 or more. 
- Sunshine hours (n): Because it lies in the high rainy sub-region, sunshine hours in 
the study area are relatively lower than those in the surrounding areas with a mean annual 
value of 5.1 hours/day. The monthly average of sunshine hours vari es from 2.0 hours/ day 
in December t o 7.0 hours/day in May. 
- Wind speed and direction ( u) : The popular directions of wind are South-East and 
South-West from May to September , Eas t and North-East from October to April. The 
wind speed is moderate with an average annual value of 0.9 m/ s. 
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T a b l e  2 .  M o n t h l y  a v e r a g e  m e t e o r o l o g i c a l  c h a r a c t e r i s t i c s  i n  t h e  N o n g  S o n  c a t c h m e n t  
C h a r a c t e r i s t i c s  J a n  F e b  
M a r  
A p r  M a y  J u n  
J u l  A u g  S e p  O c t  N o v  D e c  
A v e .  
T  ( ° C )  
2 0 . 6  2 1 . 9  2 4 . 0  2 6  2  2 6 . 9  
2 7 . l  2 7 .  l  
2 6 . 9  2 5  9  2 4 . 4  2 2 . 6  2 0  6  
2 4 . 5  
R H ( % )  8 9 . 4  8 7 . 6  8 4 . 6  8 2 . 8  8 4  1  8 3  8  8 3  4  8 4  1  8 7  6  9 0 4  9 2 . 5  9 2 . 4  8 6  9  
n  ( h o u r s / d a y )  
3 . 5  4 . 7  5 . 9  6 . 5  6 . 9  6 . 6  6 . 7  6 . 3  5 . 2  3 . 9  2 . 6  2 . 0  5 . 1  
u  ( m / s )  
0 . 8  1 . 1  1 0  0 . 9  
0 8  
0 . 8  0 . 8  0 8  
0 8  
0 . 9  
0 8  
0 . 7  
0 . 9  
4 .  R E S U L T S  A N D  D I S C U S S I O N  
F r o m  t h e  l a n d  c o v e r  d a t a  a n d  v e g e t a t i o n - r e l a t e d  p a r a m e t e r s  i n  t h e  N o n g  S o n  c a t c h -
m e n t ,  a n d  t h e  m o n t h l y  m e t e o r o l o g i c a l  d a t a  a t  t h e  T r a  M y  c l i m a t e  s t a t i o n  i n  t h e  p e r i o d  o f  
1 9 8 0 - 2 0 0 4 ,  p o t e n t i a l  e v a p o t r a n s p i r a . t i o n  v a l u e s  w e r e  d e t e r m i n e d  b y  t h e  P e n m a n - M o n t e i t h  
m o d e l .  T a b l e  3  a n d  F i g .  3  s h o w  t h e  r e s u l t s  o f  m o n t h l y  p o t e n t i a l  e v a p o t r a n s p i r a . t i o n .  
T a b l e  3 .  C a l c u l a t e d  m o n t h l y  m e a n  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  f o r  e a c h  v e g e t a -
t i o n  t y p e  a n d  a v e r a g e  o v e r  b a s i n  i n  t h e  N o n g  S o n  c a t c h m e n t  
E T  ( m m )  
J a n  F e b  M a r  
A p r  
M a y  
J u n  
J u l  A u g  S e p  O c t  
N o v  
D e c  
A n n u a l  
E v e r g r e e n  b r o a d l e a f  5 6  6 3  9 3  
1 1 1  1 2 3  
1 2 2  1 2 9  1 2 3  9 9  7 5  5 4  
4 7  1 , 0 9 4  
D e c i d u o u s  n e e d l e l e a f  5 3  5 6  
8 7  1 2 4  1 4 7  
1 4 2  1 4 9  1 4 1  1 0 8  
8 4  
5 5  
4 7  1 , 1 9 5  
D e c i d u o u s  b r o a d l e a f  5 3  5 6  
8 7  1 2 4  1 4 7  
1 4 2  1 4 9  1 4 1  1 0 8  8 4  5 5  
4 7  1 , 1 9 5  
M i x e d  c o v e r  5 3  5 6  
8 7  1 2 4  
1 4 7  1 4 2  1 4 9  
1 4 1  
1 0 8  
8 4  
5 5  
4 7  1 , 1 9 5  
W o o d l a n d  
5 3  5 6  
8 7  1 2 4  1 4 7  
1 4 2  1 4 9  1 4 1  1 0 8  
8 4  
5 5  
4 7  1 , 1 9 5  
W o o d e d  g r a s s l a n d s  
5 8  
6 8  1 0 8  
1 3 1  
1 3 7  1 3 0  1 3 7  1 2 8  
1 0 6  
8 3  
5 9  4 9  
1 , 1 9 4  
C l o s e d  s h r u b l a n d s  
5 6  
6 6  1 0 5  
1 2 9  1 3 5  
1 2 7  1 3 4  
1 2 6  1 0 4  8 1  5 7  
4 8  1 , 1 7 0  
O p e n  s h r u b l a n d s  5 6  
6 6  1 0 5  
1 2 9  1 3 5  
1 2 7  1 3 4  
1 2 6  
1 0 5  8 6  
6 2  5 3  
G r a s s l a n d s  
6 3  7 4  1 0 8  
1 2 4  
1 3 2  1 2 5  1 3 1  
1 2 5  1 0 5  8 6  
6 2  
5 3  
C r o p  l a n d  2 0  9  
3 2  
9 2  1 2 3  
1 2 3  1 3 4  1 3 2  
1 0 1  5 4  2 2  1 0  
A r e a l  
5 6  6 2  
9 4  1 1 9  
1 3 3  1 2 9  1 3 6  
1 2 9  1 0 3  7 9  5 5  
4 8  
~ 2 
- · - - 3 . 4 . 5 . 6  · -- - 7  
- - - * - - 8 , 9  
- 1 0  _ , ,  
- A r e a l  
.  - .  .  - .  - - . . .  . - - .  .  . . .  
o"---~~~~~~~~~-"-~~~~~~~~~~~---'C--~~-'0---~~~~~-'-~-'----''--~~~~ 
1 9 8 0  
F i g .  3 .  C a l c u l a t e d  m  o n t h l y  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  f o r  e a c h  t y p e  o f  v e g e t a -
t i o n  a n d  a v e r a g e  o v e r  b a s i n  i n  t h e  N o n g  S o n  c a t c h m e n t  i n  t h e  1 9 8 0 - 2 0 0 4  p e r i o d .  
N o t e :  2 - E v e r g r e e n  b r o a d l e a f ;  3 ,  4 ,  5 ,  6 - D e c i d u o u s  n e e d l e l e a f ,  D e c i d u o u s  b r o a d l e a f ,  
M i x e d  c o v e r ,  a n d  W o o d l a n d ;  7 - W o o d e d  g r a s s l a n d s ;  8 ,  9 - C l o s e d  s h r u b l a n d s ,  a n d  
O p e n  s h r u b l a n d s ;  1 0 - G r a s s l a n d s ;  1 1 - C r o p  l a n d ;  a n d  A r e a l - A v e r a g e  p o t e n t i a l  
e v a p o t r a n s p i r a t i o n  o v e r  b a s i n  
1 , 1 8 6  
1 , 1 8 8  
8 5 3  
1 , 1 4 4  
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Based on the result of Southern Institute of Water Resources Research, the potential 
evapotranspiration was derived from Piche tube observation values while multiplying it 
by correction factors , this is usually called ET Piche (see [27]). . 
Table 4. Monthly mean potential evapotranspiration est imated by the Penman-
Montheith method and Piche tube data in the Nong Sbn catchment in the 1980-
2004 period 
ET (mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
ET P- M 56 62 94 119 133 129 136 129 103 79 55 48 1,144 
ET Piche 68 82 118 119 133 120 128 125 103 84 62 56 1,198 
The co mparative performance of ET by the Penman-Monteith method (ET P- M) and 
ET Piche during the 1980-2004 period , Table 4 shows a relat ively small difference in the 
annual value, precisely less than 53 . However there is difference in monthly distribution , 
parti cular ly from January to March with ET Piche>ET P-M of about 273 . Based on the 
climatic characteristics in Table 2, ET P- M shows a closer accord with the seasonal distri-
bution. Fig . 4 shows that ET Piche values are somewhat unrealistic, for example, potential 
evaporation in June 1985 has an average value of 7 mm/ day which is too high for any 
natural tropical humid area. This result agrees with that of Nguyen (see [22]) that the 
observed Piche da ta often give erroneous outputs. 
--.- Deriwd from Piche data 
200 
- Calculated by the Penman-Monteith model 
(1 
o~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
i~o ,~ ,~ 1~ 1~ 1m 1~ 1m 1996 1998 2000 2002 2004 
Fig. 4. Comparison of monthly potential evapotranspiration estimated by the 
Penman-rviontheith method and P iche tube data in t he 1980-2004 period 
In order to assess further the suitability of the potential evapotranspiration estimated 
directly by the P enman-Monteith method and that der ived from the Piche data, the NAM 
conceptual model was used to simulate the hydrology of the study area in the 1983-2003 
period . The NAM model performance is evaluated with a set of two st atistical criteria, 
Bias and Nash-Sutcliffe efficiency coefficiBnt .(see [21 ]) . 
Discharge simulated by using the input data of ET Piche and ET P- M is shown in 
Fig. 5 as monthly averages. Performance measures are given in Table 5. While the overall 
simulated discharge with the input of ET P- M is slightly smaller than the observed , in 
the case of ET Piche it is the reverse. However , the overall water balances (Bias) in both 
cases are realistic (less than 53 ). The good thing here is that ET P - NI provides a better 
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T a b l e  5 .  P e r f o r m a n c e  m e a s u r e s  o f  t w o  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  i n p u t s  
E T P - M  a n d  E T P i c h e  d u r i n g  t h e  s i m u l a t i o n  ( 1 9 8 3 - 2 0 0 3 )  p e r i o d  f o r  t h e  N o n g  S o n  
c a t c h m e n t  
P e r f o r m a n c e  s t a t i s t i c s  
E T P - M  
E T  P i c h e  
B i a s  ( 3 )  
3 . 1 0 0  - 2 . 6 3 6  
N a s h - S u t c l i f f e  e f f i c i e n c y ,  R " '  0 . 8 8 0  0 . 8 0 2  
m o d e l  p e r f o r m a n c e  i n  t h e  t e r m  o f  t h e  N a s h - S u t c l i f f e  e f f i c i e n c y  ( 0 . 8 8 0 )  a g a i n s t  t h a t  o f  
E T  P i c h e  ( 0 . 8 0 2 )  w i t h  r e s p e c t  t o  t h e  m o d e l  s i m u l a t i o n  o f  t h e  d i s c h a r g e  a t  t h e  s t r e a m  g a u g e .  
2500 ~---------------------------------------~ 
; ; ;  
~ 
2 0 0 0  
q )  1 5 0 0  
I  
u  
f  1 0 0 0  
" '  
5 0 0  
1 9 8 5  1 9 8 7  1 9 6 9  
- - S i m u l a t e d  b y  ETp~m - - O b s e r w d  - - - - S i m u l a t e d  b y  E T p i c h e  
1 9 9 1  1 9 9 3  1 9 9 5  
1 9 9 7  1 9 9 9  2 0 0 1  2 0 0 3  
F i g .  5 .  O b s e r v e d  v s .  s i m u l a t e d  m o n t h l y  d i s c h a r g e  f o r  t h e  1 9 8 3 - 2 0 0 3  p e r i o d  u s i n g  
t h e  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  i n p u t s  o f  E T P i c h e  a n d  E T P - M  
5 .  C O N C L U S I O N  
T h e  P e n m a n - M o n t e i t h  m e t h o d  w a s  u s e d  t o  c o m p u t e  d i r e c t l y  t h e  p o t e n t i a l  e v a p o t r a n -
s p i r a t i o n  f o r  t h e  N o n g  S o n  c a t c h m e n t .  T h e  a p p r o a c h  w a s  a s s e s s e d  t h e  s u i t a b i l i t y  t h r o u g h  
t h e  h y d r o l o g i c a l  m o d e l  r e s p o n s e  p e r f o r m a n c e .  T h e  r e s u l t  o f  t h i s  a p p r o a c h  s h o w s  a  c l o s e  
a g r e e m e n t  b e t w e e n  t h e  s i m u l a t e d  a n d  o b s e r v e d  d i s c h a r g e s  a t  t h e  s t r e a m  g a u g e  i n  c o m -
p a r i s o n  w i t h  P i c h e  o b s e r v a t i o n .  T h e  m a i n  c o n c l u s i o n  h e r e  i s  t h a t  t h e  P e n m a n - M o n t e i t h  
e v a p o t r a n s p i r a t i o n  i s  m o r e  r e l i a b l e  t h a n  t h e  P i c h e  m e t h o d  a s  w e l l  a s  u s i n g  p a n  d a t a .  A l -
t h o u g h  t h e  a p p r o a c h  r e q u i r e s  d a t a  o n  l a n d  c o v e r  a n d  v e g e t a t i o n - r e l a t e d  p a r a m e t e r s ,  t h e s e  
d a t a  a r e  a v a i l a b l e  i n  w e b s i t e s  i n  r e c e n t  y e a r s .  H e n c e ,  d u e  t o  t h e  i m p o r t a n c e  o f  e v a p o -
t r a n s p i r a t i o n  i n  w a t e r  b a l a n c e ,  t h e  P e n m a n - M o n t e i t h  m e t h o d  i s  r e c o m m e n d e d  a s  t h e  s o l e  
s t a n d a r d  m e t h o d  t o  a p p l y  f o r  s i m i l a r  c a t c h m e n t s .  
A C K N O W L E D G E M E N T S  
T h e  s u p p o r t s  o f  D a n i s h  H y d r a u l i c  I n s t i t u t e  ( D H I )  i n  p r o v i d i n g  t h e  N A M  l i c e n s e  f o r  
i t s  a p p l i c a t i o n  a n d  d a t a  b y  S o u t h e r n  I n s t i t u t e  o f  W a t e r  R e s o u r c e s  a r e  d u l y  a c k n o w l e d g e d .  
W e  w o u l d  l i k e  t o  t h a n k  t h e  a n o n y m o u s  r e v i e w e r s  a n d  e d i t o r s  f o r  t h e i r  p e r t i n e n t  c o m m e n t s ,  
l e a d i n g  t o  i m p r o v e m e n t s  i n  t h e  p a p e r .  
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